of station and gridded reanalysis data were used to investigate the effects of El Niño/Southern Oscillation (ENSO) on autumn rainfall in the Extended Central Vietnam (ECV) region. Results show that, under El Niño conditions, autumn rainfall in Central Vietnam is reduced by about 10 to 30%. This reduction seems to be caused by a weakening of the North East monsoon circulation, which appears to be linked to an anomalous anticyclonic vortex and a positive sea level pressure anomaly over the East Sea. In addition, the disappearance of a secondary moisture source over the southern region of the East Sea also favors the reduction in rainfall over this region. Conversely, during La Niña, the total autumn rainfall in the ECV region increases by about 9 to 19%. The strengthening of the North East monsoon, with a cyclonic wind anomaly over the East Sea, helps to increase the moisture supply to the area by about 10 to 20%, resulting in enhanced rainfall in the ECV. It is also found that the La Niña conditions do not only cause an increase in rainfall, but also change the temporal distribution of the monthly rainfall over the region, with more rainfall in the latter months of the year.
Introduction
Rainfall regimes in Vietnam are controlled by the monsoon system and tropical disturbances in the Intertropical Convergence Zone (ITCZ). While northern and southern Vietnam have maximum rainfall in the summer (June-July-August, JJA), Central Vietnam (CV) has its maximum monthly rainfall in autumn (September-October-November, SON). At some stations in CV, the annual rainfall can reach between 3600 mm (Hue station) and 4000 mm (Ba To station) [1] .
Rainfall distributions and rainy seasons in CV are significantly controlled by cold surges and tropical cyclones [2, 3] . Chen et al. [2] studied the weather patterns associated with heavy rain events in the CV region and suggested that twothirds of the heavy rainfall events are caused by tropical cyclones. The remaining events are mostly related to the interaction between cold surges and tropical cyclones.
The El Niño/Southern Oscillation (ENSO) has noticeable effects on the variability of annual rainfall [2, [4] [5] [6] [7] . Over CV, there is a significant increase in the annual rainfall in La Niña years and a significant reduction in annual rainfall in El Niño years [2, 5, 6, [8] [9] [10] . Nguyen [9, 10] reported that, during El Niño years, the frequency of extreme daily rainfall in CV decreases, while during La Niña years, the frequency increases. Using rainfall data at Hue station for the period 1906-2006, Nguyen [11] stated that there is a decrease in the annual rainfall of more than 10% during most of the El Niño years. In contrast, the station experiences an increase in rainfall of about 13% or more during most La Niña years. Chen et al. [2] showed that maximum rainfall in CV in late autumn increases about 174% under La Niña conditions and decreases about −52% under El Niño conditions. They also suggested that the late autumn rainfall maximum over the CV region is controlled by changes in the tropical cyclonic shear flow over the southeast Asia Pacific area in response to changes in sea surface temperature (SST) anomalies in the Niño-3.4 region [2] .
In this paper, the role of local circulations and moisture transport over the East Sea on autumn (SON) rainfall over the Extended Central Vietnam (ECV) region, defined as the part of Vietnam ranging from 120 ∘ N to 19 ∘ N (Figure 1 ), during ENSO is investigated further using high resolution (0.5 degrees) Climate Forecast System Reanalysis (CFSR) data and station observations. In addition to the effects of ENSO on total rainfall, the effects of ENSO on shifting the rainfall season in the ECV region are also investigated. The objectives of this work are to investigate (i) the changes in local circulation over the East Sea and their effects on autumn rainfall over the ECV region; (ii) the role of moisture sources and their changes during ENSO on rainfall variability; and (iii) the effects of ENSO on the temporal distribution of monthly rainfall over the ECV under different ENSO conditions. The data sources and methods are presented in Section 2. Results are shown in Section 3. A summary and discussion are given in Section 4.
Data and Method
Monthly rainfall at stations, gridded rainfall data, and reanalysis data from 1980 to 2007 are used to investigate the effect of ENSO on autumn rainfall over the ECV region. Of the total of 27 stations over the ECV region, the 13 coastal stations (Table 1 , Figure 1 ) are studied more comprehensively in the statistics and analyses, because autumn rainfall in the ECV region is mainly caused by moist air flows from the East Sea interacting with terrain and landmass. a resolution of 0.25 ∘ × 0.25 ∘ , sea-level pressure (SLP) and zonal and meridional winds at 10 m and 850 hPa levels from CFSR data from the National Centers for Environmental Prediction (NCEP) with a resolution of 0.5 ∘ × 0.5 ∘ . The total moisture transport vectors used to investigate the moisture sources affecting autumn rainfall over ECV are computed from winds and specific humidity at 1000, 925, 850, 700, 600, 500, 400, and 300 hPa levels obtained from the NCEP reanalysis data at a resolution of 2.5 ∘ × 2.5 ∘ . The method used to compute moisture transport vectors is from Sminov and Moor [12] .
El Niño and La Niña conditions are determined using NOAA operational definitions based on the Oceanic Niño Index (ONI). The ONI is the three-month running mean of the SST anomaly (SSTA) from the climatological SST over the Niño 3.4 region (5 ∘ N-5 ∘ S, 120 ∘ W-170 ∘ W). An El Niño occurs when there are at least five consecutive months with a positive ONI greater than or equal to 0.5 ∘ C and a La Niña occurs when there are at least five consecutive months with a negative ONI less than or equal to −0.5 ∘ C [13] . In this work, only the years in which ENSO occurs in autumn are considered. Based on the above criteria, during the period from 1980 to 2007 there are nine El Niño autumns and ten La Niña autumns ( Table 2 ). Figure 2 . It can be seen that the mean ranges from about 800 to 2400 mm. The four local rainfall maxima are at Ky Anh (1740 mm), Hue (1887 mm), Tra My (2429 mm), and Ba To (2094 mm) (Figure 2 ). The local maxima are located on the windward sides of the local terrain maxima (Figure 1 ). From this it can be inferred that terrain plays an important role in rainfall distribution over the ECV region. Figure 3 shows the long-term mean of September, October, and November rainfall, computed from station rainfall data for the period 1980-2007. In September, the northern regions of ECV, from Nghe An to Da Nang, have rainfall of 350 to 400 mm. There is another local maximum (500 mm) of rainfall at Ky Anh station (18. 08 N, 106.26 E), whereas the coastal regions from Quang Ngai to Khanh Hoa have total rainfall of less than 300 mm (Figure 3(a) ).
Results

Characteristics of Autumn
In October, rainfall increases significantly in the ECV region compared to that in September, with most of the monthly rainfall values ranging from 300 to 700 mm (Figure 3(b) ). There are three local rainfall maxima located at Hue (832 mm), Tra My (1005 mm), and Ba To (834 mm). Two local rainfall minima, with rainfall of less than 300 mm, occur at Khanh Hoa and Nghe An (Figure 3(b) ). In November, the rainfall regime is similar to that in October. However, the rainfall amounts in November are less than those in October except for the rainfall maximum in the central region near Tra My station (Figure 3(c) ).
The rainy season in the ECV region is regulated by the North East monsoon, tropical cyclones, tropical disturbances in the ITCZ, and cold surges, or a combination of these factors [2, 3] in the presence of high terrain in the Truong Son Mountain range to the west of ECV (Figure 1 ). The longterm mean of low-level wind vectors (Figure 4) shows that during the autumn months there are regions with strong 10 m northeasterly (Figure 4(a) ) and easterly winds at the 850 hPa level (Figure 4(b) ) over the northeast portion of the East Sea. The wind vectors are almost perpendicular to the northeast-southwest direction of the Truong Son Mountain range ( Figure 1 ). As discussed, the locations of the local rainfall maxima are almost consistent with the local maxima in the terrain heights. The interaction between the North East monsoon and the terrain may be one of the important factors controlling the autumn rainfall regime in the ECV region.
In addition to the instability caused by orographic forcing and blocking, moisture is also required for the formation of the observed rainfall over the ECV. The distribution of the total moisture transport vector in Figure 5 shows that, during the autumn months, abundant moisture is channeled into the East Sea from the Western Pacific. Therefore, the rainfall distribution over the ECV region is strongly influenced by the activity of the North East monsoon. The variability in strength and direction of the monsoon flows and moisture availability during the ENSO cycle may affect the rainfall distribution and amount over the ECV region. This will be further investigated in the next section of this paper.
Effects of ENSO on Autumn Rainfall in the ECV Region
Effects of El Niño.
To investigate the effect of El Niño on rainfall over the ECV region, rainfall anomalies for the autumn months in the El Niño years ( (Table 3) . Table 3 shows that all 13 coastal stations 4 Advances in Meteorology 12N   8N   92E  96E  100E  104E  108E  112E  116E  120E  124E  128E  132E 10 experience decreased autumn rainfall under the El Niño conditions. The reduction in rainfall is from −3.9% (Dong Ha station) to −30.3% (Nha Trang). More significant reductions in rainfall occur at stations in Central Vietnam including Hue, Da Nang, Tam Ky, Tra My, and Quang Ngai. The reductions in total three-month rainfall at the four stations are about −17.9% (329 mm) or higher (Table 3) .
Student's -test has been performed to examine the statistical significance of the differences in mean states of the three different ENSO conditions (El Niño, La Niña, and ENSOneutral) compared with the rainfall climatological means at the 13 stations. To perform the tests, rainfall at the 13 coastal stations for the three autumn months (SON) are first used to compute the regional average rainfall for each of the 28 years in the data set. The data sets from nine El Niño, ten La Niña, and nine ENSO-neutral years are then compared to the 28-year climatology data set. The 95% and 90% confidence levels are selected to examine the statistical significance of the differences of each of the ENSO conditions with the climatology. Results in Table 4 show that the differences in rainfall between the ENSO-neutral condition and the climatology are not significant at either the 95% or 90% 35N  30N  25N  20N  15N  10N  5N   EQ  5S  10S  60E  70E  80E  90E  100E  110E  120E  130E  140E  150E  160E   30 confidence levels. The difference in rainfall between the El Niño condition and the climatology is statistically significant at both the 95% and 90% confidence levels. The differences in rainfall between the La Niña condition and the climatology are not statistically significant at the 95% confidence level but are statistically significant at the 90% confidence level ( Table 4) . The negative rainfall anomalies during El Niño years are largest in October. In October, all 13 coastal stations have anomalies ranging from −13% to −40% compared to the longterm means (Table 3 ). The station with the largest rainfall reduction in October is Ba To (−45.7%). In September and November, the reductions in rainfall do not occur at all stations. In September, most of the northern stations (except Ky Anh) in the ECV region have negative rainfall anomalies, while the stations located in southern ECV have positive rainfall anomalies. In November, the spatial distribution of rainfall anomalies is opposite to that in September, with the stations in the northern part of the ECV region having positive rainfall anomalies ranging from 9% to 32%, while the stations in the southern part of the ECV region have negative rainfall anomalies ranging from −13% to −38% (Table 3) .
The spatial distribution of rainfall reduction in El Niño can be summarized as follows. First, a deficit of rainfall occurs over the northern stations in September. It then extends to all coastal stations in October, with the largest reductions of −13% to −40% occurring during this month. In November, the negative anomalous rainfall is only seen at the southern stations (Table 3) . Rainfall anomalies computed from APHRODITE data ( Figure 6 ) also show a noticeable rainfall reduction of about −20 mm to −80 mm.
Moisture transports and atmospheric circulation patterns under ENSO conditions are known to have significant effects on rainfall distribution over some regions [7, [14] [15] [16] [17] [18] . In this work, low-level winds, SLP, and total moisture transport are analyzed to investigate the mechanism for the rainfall reduction in the ECV region. Wind vector anomalies at the 10 m (Figure 7(a) ) and 850 hPa (Figure 7(b) ) levels show that, during El Niño, there is an anticyclonic circulation centered in the East Sea. The anticyclonic wind circulation in Figure 7 is consistent with the SLP anomaly field in Figure 8 , with an anomalous high pressure over the region. The presence of the anticyclone results in weakening of the North East monsoon over the East Sea as well as weakening of the largescale circulation, which brings abundant moist air from the Western North Pacific (WNP) to the East Sea regions.
Student's -test is again used to investigate the statistical significance of the anomalies in low-level wind circulations and SLP. The means of relative vorticity and SLP within a box covering 8 ∘ -21 ∘ N and 108 ∘ -120 ∘ E over the East Sea ( Figures  7 and 8) are computed for every year in the data set. Three subsets, for El Niño, La Niña, and ENSO-neutral conditions, are used to test against the 28-year climatology data set. The results in Table 4 show that the differences in anomalies of 850 hPa relative vorticity, 10 m relative vorticity, and SLP between the ENSO-neutral condition and the climatology are not statistically significant. For both El Niño and La Niña conditions, the differences in anomalies of low-level wind circulations and SLP are all statistically significant at the 95% confidence level (Table 4) . The total moisture transport during the autumn season under El Niño conditions (Figure 9(a) ) shows a significant reduction in moisture transport over the East Sea (Figure 9(a) ) compared to the long-term mean ( Figure 5 ). In particular, the long-term mean over the center of the East Sea ( Figure 5 ) is about 210-240 kg m −1 s −1 compared to 180-210 kg m −1 s −1 during El Niño (Figure 9(a) ). The anomalous moisture transport regime (Figure 9(b) ) over ECV shows a significant easterly moisture transport. There is a −10% (∼20 kg m −1 s −1 ) to −35% (∼40 kg m −1 s −1 ) reduction in moisture transport into the region (Figure 9 ). There are reductions in the two moisture channels, which may have negative effects on rainfall amounts over the ECV region in El Niño conditions. One is located in the WNP located to the north of the East Sea region, and the other is located over the low latitudes, reducing moisture transport from the low latitudes and the Southern Hemisphere to the East Sea (Figure 9(b) ).
In summary, the reduction in rainfall over ECV in the El Niño condition relates to the formation of an anomalous anticyclone associated with the high SLP anomaly over the East Sea region. The anomalous anticyclone is related to a weakening of the North East monsoon over the East Sea and associated weakening of the moisture transport into the East Sea and the ECV regions.
Effects of La Niña.
Similar to the El Niño condition discussed above, the mean rainfall at 13 coastal stations for the autumn months during the La Niña years (Table 2) is compared with the 28-year mean rainfall. Results from Table 5 show that most (12 out of 13) of the coastal stations experience increased rainfall in La Niña conditions, except Ha Tinh station, which is located on the northern tip of ECV. Here, the decrease in rainfall is about −4%. The largest rainfall increase (19.5%) is at Hue station ( Table 5 ). The increased rainfall in the ECV region during Niña conditions can be seen from APHRODITE data ( Figure 10 ). The figure shows that the entire region south of 17 ∘ N, including South Vietnam, experiences increased rainfall in autumn during La Niña years. In contrast, the region north of 18 ∘ N, including North Vietnam, shows a decrease in rainfall (Figure 10) .
Although the total autumn rainfall increases at most stations, the September mean rainfall for all stations decreases by −5% to −22%. In October, an increase in rainfall occurs at the northern stations, while some southern stations (Tra My, Ba To, Tuy Hoa) still experience a decrease in rainfall. In November, ten out of 13 coastal stations have increased rainfall (20% to 40%). All stations located south of ECV also have rainfall increases, whereas stations located north of ECV experience rainfall decreases (Table 5 ). This study indicates that rainfall in ECV is influenced by the local terrain of the Truong Son Range and is not always increased under La Niña conditions.
Overall, autumn rainfall is increased during the La Niña conditions. The positive anomalous rainfall starts at the northern stations in October and then moves to the southern stations in November. However, a decrease in rainfall is observed at all stations in September, at some southern stations in October and at some northern stations in November.
The increase in autumn rainfall in ECV during La Niña conditions may be associated with anomalous circulations (Figure 11) . A near-surface (10 m) anomalous cyclonic circulation (Figure 11(a) ) extends to the 850 hPa level (Figure 11(b) ). This wind regime is associated with anomalous low SLP located over the East Sea (Figure 12 ). The anomalous winds are associated with enhancement of the North East monsoon during La Niña conditions.
The distribution of total moisture transport in Figure 13 shows that total atmospheric moisture over the East Sea region mainly comes from the western and central Pacific. There is another moisture source from the north of Malaysia which enhances the moisture availability in the East Sea region ( Figure 13(a) ). The latter is absent during El Niño conditions (Figure 9(a) ). The total moisture increases over the East Sea region by about 10% to 20% (15-25 kg m −1 s −1 ). It is important to note that the enhanced moisture channels over the East Sea region during La Niña conditions are extended inland, covering the ECV region ( Figure 13(b) ), where the positive rainfall anomalies are observed (Figure 10 ). It can be inferred that the increase in rainfall over the ECV region is associated with the enhancement of the North East monsoon and the moisture transport.
To investigate the physical mechanisms involved in the formation of the anomalous anticyclone during El Niño and cyclone during La Niña years, the means of SSTA within the box over the East Sea (Figure 8 ) for all El Niño years and La Niña years were computed. The mean for El Niño years was positive, while that for La Niña years was negative. The results agree with Wu et al. [19] (their Figures 3(a) and  3(b) ). The positive (negative) SSTA in El Niño (La Niña) years may imply that the anomalous anticyclone (cyclone) in El Niño (La Niña) years may not be thermally driven by the local SSTA in the East Sea region. The formation of the anomalous anticyclone/cyclone in the East Sea may be dynamically driven by large-scale circulations.
For La Niña conditions, the stronger winter monsoon over the northern part of the East Sea (Figure 14(a) ) is associated with a negative large-scale SSTA (Wu at al. [19] , their Figure 3 ) and a large-scale anomalous high pressure (Wu at al. [19] , their Figure 1) . The stronger-than-normal Northeast winter monsoon over the northern part of the East Sea results in the formation of the northern part of the anomalous cyclone in the East Sea (Figure 11 ). The southern part of the anomalous cyclone in the East Sea may be associated with strengthening of the cross-equator flow over the northeast portion of the Indian Ocean. During La Niña conditions, the cross-equator flows from 80 ∘ E to 100 ∘ E (Figure 14(a) ) are stronger than during El Niño conditions (Figure 14(b) ) and in the climatology (Figure 14(c) ). 40N  35N  30N  25N  20N  15N  10N  5N  EQ  5S  10S  60E  70E  80E  90E  100E  110E  120E  130E  140E  150E  160E 30 60 90 120 150 180 210 240 270 300 300 (a)   40N  35N  30N  25N  20N  15N  10N  5N  EQ  5S  10S  60E  70E  80E  90E  100E  110E  120E  130E  140E  150E  160E   25 The stronger southwest flow in the region from 0 to 10 ∘ N in the Indian Ocean enhances southwest flow in the southern East Sea (Figure 14(a) ) during La Niña conditions to form the southern portion of the anomalous cyclone in the East Sea ( Figure 11 ). For El Niño conditions, the formation of the anomalous anticyclone in the East Sea (Figure 7 ) may follow the same mechanism as during La Niña conditions but with the opposite effects of weakening both the northeast winter monsoon over the northern portion of the East Sea and the southwest flows in the region from 0 ∘ -10 ∘ N in the Indian Ocean.
Advances in Meteorology
In this paper, we also found that there is an asymmetry in the impacts of El Niño and La Niña, as mentioned by study of Wu et al. [19] . The negative rainfall anomalies during El Niño years in the ECV region are apparently larger than the positive anomalies during La Niña years. The mean of station rainfall anomalies in El Niño (La Niña) years is −335 (134) mm. The magnitude of rainfall anomalies in El Niño years is about 34% larger than in La Niña years. The asymmetry in rainfall is in agreement with the asymmetry in wind and SLP pressure anomalies. The magnitudes of the mean anomalies in the box covering 8 ∘ -21 ∘ N and 108 ∘ -120 ∘ E (Figures 7(a) and 8) of SLP and vorticities at the 10 m and 850 hPa levels were computed to further investigate the asymmetry. The magnitudes of anomalies in El Niño years are 37.8%, 34%, and 58% larger than those in La Niña years for SLP and vorticities at 10 m and 850 hPa levels, respectively. The asymmetry has been shown to be related to SSTA. Wu at al. [19] suggested that the amplitudes of cold SSTA during El Niño years are significantly greater than those of warm SSTA during La Niña years. The larger SSTA during El Niño years may result in more significant effects during El Niño conditions than during La Niña conditions. In summary, under the influence of La Niña, the increase in total autumn rainfall in the ECV region compared to the long-term mean is related to (1) the stronger North East monsoon with the cyclonic wind anomalies over the East Sea; (2) the increase of the two moisture sources, that is, the one from the Central and Western Pacific and the other from the low latitudes north of Malaysia.
To investigate the effect of ENSO conditions on the temporal variation of rainfall distribution over the ECV region, the average monthly rainfall is computed for the 13 coastal stations for El Niño and La Niña years between 1980 Advances in Meteorology (Figure 15 ). It can be seen from Figure 15 that, in September, the El Niño phase causes an increase in rainfall, whereas the La Niña phase causes a decrease in rainfall over the ECV region. In October and November there are significant decreases in rainfall during the El Niño phase and increases during the La Niña phase occur. Overall, in the La Niña years, the total autumn rainfall in ECV increases and the rainfall distribution is more concentrated in the later months (Oct., Nov.) (Figure 15 ), which suggests that the rainy season shifts toward later months during the La Niña years. Figure 15 also shows that a significant decrease in April and May rainfall over ECV occurs during the El Niño years.
Summary and Discussion
In this study, 28 years of data were used to investigate the effects of ENSO on the autumn (SON) rainfall over the ECV region. The data include rainfall at stations, gridded APHRODITE rainfall, and reanalysis data from NCEP.
The results show that, during El Niño condition, autumn rainfall in Central Vietnam is reduced by about −10% to −30% at most stations. In contrast, during La Niña conditions, the total autumn rainfall is increased by about 9% to 19% at most stations. These results are in agreement with previous studies. In this study, we found that, in addition to increase in rainfall, the La Niña conditions also clearly affect the temporal distribution of the monthly rainfall over the ECV region. The rainy season shifts toward October and November and less rain occurs in September during the La Niña years.
The decrease in the autumn rainfall over Central Vietnam during El Niño years seems to be linked to the weakening of the North East monsoon circulation and the weakening of the cross-equatorial flows over the Indian Ocean. During El Niño years, there is an anticyclonic circulation, which is associated with the positive anomalous SLP over the East Sea. In contrast, during La Niña years, the North East monsoon strengthens and a cyclonic wind anomaly is formed over the East Sea. As a result, there is an increase in the moisture supply to the region of about 10% to 20% and therefore an increase in rainfall over ECV. The locations of the local rainfall maxima are almost consistent with the locations of the local maximum terrain heights. This indicates that the interaction between the North East monsoon winds and the elevated terrain may be one of the important factors in regulating the rainfall regime in the ECV region. This is illustrated by Figure 16 . The important factors controlling the rainfall regime include the Truong Son Mountain range, the North East monsoon, and the moisture sources. The most significant differences between El Niño and La Niña conditions are that (1) the North East monsoon is weaker during El Niño conditions compared to La Niña conditions; (2) the secondary moisture source over the southern region of the East Sea is absent during El Niño conditions (Figure 16(a) ); and (3) during El Niño, there is an anticyclonic wind anomaly over the East Sea (Figure 16(a) ), while there is a cyclonic wind anomaly there during La Niña (Figure 16(b) ). 
